The infrared-to-visible frequency upconversion was investigated in Er 3þ -doped Ga 10 Ge 25 S 65 glass and in the transparent glass-ceramic obtained by heat-treatment of the glass above its glass-transition temperature. Continuous-wave and pulsed lasers operating at 980 nm and 1480 nm were used as excitation sources. ions hosted in the crystalline phase was distinguished only when the glass-ceramic was excited by the 1480 nm pulsed laser. The excitation pathways responsible for the green and red PL bands are discussed to explain the differences between the spectra observed under continuous-wave and pulsed excitation. 
The infrared-to-visible frequency upconversion was investigated in Er 3þ -doped Ga 10 Ge 25 S 65 glass and in the transparent glass-ceramic obtained by heat-treatment of the glass above its glass-transition temperature. Continuous-wave and pulsed lasers operating at 980 nm and 1480 nm were used as excitation sources. ions were characterized. The PL decay times were influenced by energy transfer among Er 3þ ions, by cross-relaxation processes and by energy transfer from the Er 3þ ions to the host material. The PL from the Er 3þ ions hosted in the crystalline phase was distinguished only when the glass-ceramic was excited by the 1480 nm pulsed laser. The excitation pathways responsible for the green and red PL bands are discussed to explain the differences between the spectra observed under continuous-wave and pulsed excitation. The search of transparent materials that can be doped with rare earth (RE) ions has been very intense in the past years motivated by applications in displays, biomedical lasers, optical sensors, optical amplifiers, among other uses. [1] [2] [3] [4] [5] [6] In particular, special glasses and glass-ceramics are being increasingly studied because they have unique features such as large acceptance for high RE ions doping concentration, large optical homogeneity, wide transparency from the visible to the infrared region, high mechanical strengths and simple manufacture procedures for obtaining good optical quality samples. Among the materials that exhibit such appropriate characteristics for photonics are the chalcogenide glasses and chalcogenide glass-ceramics that exhibit high refractive index (%2.2), low cutoff phonon energy (%400 cm À1 ), and high stability against moisture and devitrification. [2] [3] [4] [5] [6] In previous papers, we reported on the photoluminescence (PL) properties of the chalcogenide glass Ga 10 Ge 25 S 65 (GGS) doped with Nd 3þ , Pr 3þ , and Er 3þ ions. For the Nd 3þ -doped GGS glass (GGS-GLASS), we determined transition probabilities, radiative lifetimes, and branching ratios related to the Nd 3þ ions. Green and red emissions were observed for excitation at 1064 nm due to two-photon absorption by isolated ions and energy transfer among Nd 3þ pairs. 7 In Pr 3þ -doped GGS glasses, we observed orange-to-blue frequency upconversion (UC) and investigated the influence of silver nanoparticles on the UC efficiency. 8 The UC enhancement observed was attributed to the large local field acting on the Pr 3þ ions due to their proximity with silver nanoparticles. Er 3þ -doped GGS glass was studied under laser excitation at 532 nm, 800 nm, and 980 nm. 9 Er 3þ parameters such as transition probabilities, radiative lifetimes, and branching ratios were determined. Also, the mechanisms leading to Stokes and anti-Stokes PL were discussed. Other authors investigated the UC luminescence in Er 3þ -doped GGS-CsCl glass-ceramic excited at 800 nm.
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Enhancements of the green and red PL were observed in comparison with the base-glass.
In the present article, we report on the infrared-to-visible UC luminescence of Er
31
-doped GGS glass and Er
-doped GGS glass-ceramics (GGS-GC) excited at 980 nm and 1480 nm. The experiments were performed with continuouswave (CW) and pulsed lasers. The intensity and the time behavior of the visible PL due to the Er 3þ ions were studied. The excitation mechanisms contributing for the UC process and for the relaxation rates of the electronic states involved in the PL process are discussed.
II. EXPERIMENTAL DETAILS
The base-glass (GGS-GLASS) with composition Ga 10 Ge 25 S 65 :(Er 2 S 3 ) 0.25 (mol. %) was prepared by the meltquenching method using a mixture of highly pure raw materials (Ga 2 S 3 , Ge, S: 99.99% and Er 2 S 3 : 99%) in a silica ampoule sealed under vacuum (10 À4 mbar). The ampoule of 9 mm inner diameter was placed in a rocking furnace, slowly heated up to 900 C and maintained at this temperature for 12 h. The silica tube was quenched in water at room temperature, annealed near the glass transition temperature, T g , for 3 h to minimize inner constraints, and finally slowly cooled down to room temperature. The glass rods of 8 g weight were cut into slices of 2 mm thickness and polished to obtain perpendicular polished faces for the optical measurements. The glass-ceramics (GGS-GC) were prepared by heattreatment of polished slices of the base-glass at 450 C for 15 h. The volume crystallization was checked by X ray diffraction and transmission electron microscopy that demonstrate the presence of Ga 2 S 3 nanocrystals as reported in Refs. 10-12. The samples were optically homogeneous to the naked eye.
The linear optical absorption spectra were recorded using a commercial spectrophotometer.
For the PL experiments with excitation at 980 nm (10 204 cm
À1
) and 1480 nm (6757 cm À1 ), CW diode lasers (chopped at 8 Hz) with maximum output power of 300 mW and one optical parametric oscillator (5 ns, 5 Hz) pumped by a Nd: YAG laser were used. In all cases, the beams were focused onto the samples using a lens with focal length of 10 cm. The PL signals collected along a direction perpendicular to the laser beam were dispersed by a 0.25 m grating spectrometer attached to a photomultiplier tube. The signals were recorded using a digital oscilloscope connected to a personal computer. All measurements were made at room temperature.
III. RESULTS AND DISCUSSION
A. Linear absorption spectra and CW laser excitation Figure 1 shows the absorbance spectra of the GGS-GLASS and the GGS-GC samples. The bands centered at % 492 nm, % 526 nm, % 547 nm, and % 661 nm are due to transitions from the ground state ( 4 I 15/2 ) to the excited states and the spectrum in the infrared region was already presented in Ref. 9 . All Er 3þ transitions are inhomogeneously broadened due to site-to-site variations of the crystalline field. Notice that the GGS-GC absorption edge is red-shifted with respect to the GGS-GLASS; it is an indication that the crystallization of the inner crystalline phase has been completed after 15 h of heat-treatment. 11 The optical gap energy, E g , for both samples was determined from Fig. 1 one obtained with excitation at 1480 nm. The reason for this discrepancy is attributed to the dominant UC mechanism in each case, as discussed below. The green PL is visible to the naked eye for 1480 nm CW laser powers higher than 10 mW; however, it is weaker when the pulsed laser at 1480 nm was used.
The dependence of the UC intensity, I UC , versus the laser intensity, I, in the absence of saturation, is described by I UC / I N , where N is the number of photons that participate in the UC process. Hence, the value of N corresponding to each UC transition was obtained from the slope of the straight line representing I UC versus I in the doublelogarithmic plot of Fig. 3 . It is shown in Figs. 3(a) and 3(b) that the laser intensity dependence of the green and the red PL bands when excited at 1480 nm presents cubic power law corresponding to the absorption of three laser photons. Fig. 3(c) , for excitation at 980 nm, shows quadratic dependence of I UC versus I indicating that two laser photons contribute for the UC process in the GGS-GC. The results for the GGS-GLASS sample were reported in Ref. 9 and also present quadratic dependence. Figure 4 shows the relevant Er 3þ energy levels together with indication of possible UC pathways for both excitation wavelengths and the observed PL lines. A simplified scheme of the conduction and valence bands of the host matrix is also shown in Fig. 4 .
The main processes that may lead to transitions involving the excited Er 3þ ion states in experiments with low-power infrared lasers are excited state absorption, cross-relaxation (CR), and energy transfer (ET) among the ions. Another possibility would be the excitation of the host matrix by multiphoton absorption followed by ET from the matrix to the Er 3þ ions; however, this process is less probable than the one mentioned above. Nevertheless it is important when high-power lasers are used as shown in Sec. III B.
For excitation at 980 nm, the laser wavelength is in resonance with the transitions as a fraction of the total number of ions that interact weekly with their neighbors.
For excitation at 1480 nm, the absorption transition Since only the interacting ions contribute for the UC signal when the sample is excited at 1480 nm, the oscillator strengths of the transitions should be affected in different ways with respect to the case of the isolated ions that participates in the UC for excitation at 980 nm.
B. Pulsed laser excitation at 980 nm and 1480 nm
The UC process excited with a pulsed laser at 980 nm in the GGS-GLASS was previously reported in Ref. 9 was %24 ls and %31 ls, respectively. These values are smaller than the radiative lifetime, calculated using the Judd-Ofelt theory 9 and indicate relevant contributions of NR processes such as ET among the Er 3þ ions, CR and multiphonon relaxation. We recall that, in general, the measured lifetime of RE levels for Stokes and anti-Stokes excitation are not equal due to the nonequivalent ions inside the inhomogeneous bandwidth and/or the Stark sublevels that participate in the processes. For example for the GGS-GLASS, the 4 S 3/2 level lifetime for the excitation at 532 nm was 25 ls. 9 In order to identify the UC pathway for pulsed excitation at 1480 nm, the PL spectra were studied with respect to the laser intensity dependence and time behavior. The dependence of the PL intensity versus the laser intensity was cubic indicating that three laser photons are absorbed for each emitted UC photon. The ET process involving three excited Er 3þ ions, described in Sec. III A, is not probable because the excitation occurs during each laser pulse while in the experiment with CW lasers there is dominance of the ET between the ions due to the large lifetime of levels Other possible way is the three-photon absorption (3PA) by the host matrix followed by ET to the Er 3þ ions. With basis on the temporal behavior of the UC signals described below, we could identify that the 3PA is the more efficient process. Fig. 5 shows the PL spectra of the GGS-GLASS and the GGS-GC for pulsed excitation at 1480 nm. Notice a splitting of the PL bands in the GGS-GC indicating that the Er 3þ ions participating in the UC process are located in the crystalline phase. The weak PL signal observed for the GGS-GC is understood considering: (1) the small fraction of the total number of Er 3þ ions inside the nanocrystals; (2) the time behavior of the PL signals shown in Fig. 6 that indicates larger NR relaxation of the Er 3þ ions in the GGS-GC. As discussed below the smaller band gap of the GGS-GC favors a larger energy back transfer (EBT) rate from the Er 3þ ions to the host. These considerations support the statement that the Er 3þ ions contributing for UC in the pulsed experiment are not the same ions probed in the CW experiment and explain why the splitting of the PL bands are not observed in Fig. 2 .
The time evolution of the UC signals, recorded using a detection system having response of %10 ns, is illustrated in Notice that the signals grow after the laser pulse and reach a maximum value followed by a decay of several microseconds. The signals corresponding to the GGS-GLASS show two decay time components: fast decay ( 20 ls) and slow decay (>100 ls). However, the slow decay is not observed in the GGS-GC PL signal.
Figs. 6(a) and 6(b) [15] [16] [17] [18] In the present case, due to the proximity between the 4 S 3/2 level energy and the host band edge an extra term related to the energy back transfer probability, W EBT , from the excited Er 3þ ions to the host has to be included in such way that 
IV. SUMMARY
In summary, we investigated the luminescence behavior of Er 3þ -doped Ga 10 Ge 25 S 65 glass and glass-ceramic samples with respect to the laser excitation intensity and the time evolution of the frequency upconverted emissions. CW and pulsed lasers operating at 980 nm and 1480 nm were used. The experiments allowed identification of the mechanisms contributing to the infrared-to-visible wavelength conversion. Frequency upconversion processes involving excited-state-absorption by the Er 3þ ions, three-photon absorption by the matrix host followed by ET to the Er 3þ ions, and energy transfer among Er 3þ ions, were characterized. Besides the relaxation mechanisms of energy transfer among the erbium ions and multi-phonon decay, our results indicate an important contribution of energy back transfer from the excited ions to the host that also contributes to reduce of the decay time of the upconverted luminescence.
